Context. The temporal and spatial spectral evolution of the jets of Active Galactic Nuclei (AGN) can be studied with multi-frequency, multi-epoch very-long-baseline-interferometry (VLBI) observations. The combination of both, morphological (kinematical) and spectral parameters can be used to derive source intrinsic physical properties such as the magnetic field and the non-thermal particle density. Furthermore, we can trace the temporal variations of the source intrinsic parameters during the flare, which may reflect the interaction between the underlying plasma and a traveling shock wave. The source CTA 102 exhibited such a radio flare around 2006 Aims. In the first two papers of this series (Papers I & II) we analyzed the single-dish light curves and the VLBI kinematics of the blazar CTA 102 and suggested a shock-shock interaction between a traveling and a standing shock wave as a possible scenario to explain the observed evolution of the component associated to the 2006 flare. In this paper we investigate the core-shift and spectral evolution to test our hypothesis of a shock-shock interaction. Methods. We used eight multi-frequency Very Long Baseline Array (VLBA) observations to analyze the temporal and spatial evolution of the spectral parameters during the flare. We observed CTA 102 between May 2005 and April 2007 using the VLBA at six different frequencies spanning from 2 GHz up to 86 GHz. After the calibrated VLBA images were corrected for opacity, we performed a detailed spectral analysis. We developed methods for the alignment of the images and extraction of the uncertainties in the spectral parameters. From the derived values we estimated the magnetic field and the density of the relativistic particles and combined those values with the kinematical changes provided from the long-term VLBA monitoring (Paper II) and single-dish measurements (Paper I).
Introduction
The spectral evolution of radio jets in active galactic nuclei (AGN) is probed by multi-frequency single-dish observations and their modeling can provide estimates on the evolution of physical conditions in the source (see e.g., Marscher & Gear 1985; Türler et al. 2000) . However, these observations cannot resolve the structure of the jet, and therefore only the overall spectral evolution can be obtained. One approach to extract the spatial and temporal spectral evolution of AGN, used in the case of blazars, includes multi-epoch and multi-frequency VLBI observations. These high-resolution VLBI observations offer the unique possibility to resolve the structure of AGN jets and allow us to study the morphological as well as the spectral evolution at parsec-scale resolutions. The analysis of these observations provides a tool to test several jet models and to extract the source intrinsic parameters.
Simultaneous VLBI observations at several frequencies can be used to analyze the variations in the observed base of the jet, i.e., the core, with frequency (core-shift analysis) (Lobanov 1998b; Hirotani 2005) . These studies allow the observed core position to be related to source intrinsic parameters such as the magnetic field and the particle density (Lobanov 1998b; Hirotani 2005; Kovalev et al. 2008; O'Sullivan & Gabuzda 2009; Pushkarev et al. 2009 ). Based on the core-shift corrected maps, spectral index maps can be produced which show the spectral slope between two adjacent frequencies. The complete spectral information i.e., turnover frequency, ν m , turnover flux density, S m and spectral index, α 0 , can be extracted from multi-frequency VLBI maps by performing a spectral analysis. Such studies have been performed by e.g., Lobanov (1998a) , Savolainen et al. (2008) , and yield the spatial distribution of the spectral values and source intrinsic parameters such as the particle density, N, and the magnetic field, B.
Our multi-frequency VLBI observations of CTA 102 between May 2005 and April 2007 cover the period of a large flux density outburst in April 2006. This data set allows us to examine the changes in the physical properties of the source under these extreme circumstances. In Fromm et al. (2011, hereafter Paper I ),we analysed single-dish data of the 2006 radio flare in CTA 102 and suggested that the interaction between a propagating and a standing shock could be the driving mechanism behind the strong flare. We derived the evolution of physical parameters according to a slightly modified shock-in-jet model. The kinematic analysis of the source during the flare is presented in Fromm et al. (2013, hereafter Paper II ) . This study revealed one apparently stationary component at r ∼ 0.1 mas from the core and the connection of the 2006 radio flare to the ejection of a new component at epoch t ej = 2005.9 ± 0.2. Based on the gradients in the evolution of the brightness temperature we tested several jet configurations and derived estimates for the variation of the Doppler factor along the jet. From the results, we found evidence for bends in the jet as well as standing components that could be associated to recollimation shocks.
In this third paper of the series we perform a full core-shift and spectral analysis to gain additional insights to clarify the jet nature. For this study we use eight multi-frequency VLBI observations with a frequency range between 2 GHz and 86 GHz during the 2006 radio flare.
The organization of the paper is the following: The data analysis tools developed for the spectral analysis of VLBI observations are described in Sect. 2. The observational results are divided into three sections: the core-shift analysis is presented in Sect. 3, the measure of the jet ridge-line and width is included in Sect. 4, and the results of the spectral analysis are presented in Sect. 5. We present the derivation of the physical parameters in the jet from the observational results in Sect. 6. Finally, we discuss our results in Sect. 7 and present our conclusions in Sect. 8. A brief summary of the basic synchrotron self-absorption mechanism and the required equations for the calculation of the source intrinsic parameters are given in Appendix A.
Throughout the paper we define the spectral index, α, using the relation S ν ∝ ν α . The optically thin spectral index, α 0 , can be derived from the spectral slope, s of the relativistic electron distribution (N ∝ E −s ), via the relation α 0 = −(s − 1)/2. We define the optically thin spectral index as α 0 < 0. We adopt the following cosmological parameters: Ω m = 0.27, Ω Λ = 0.73 and H 0 = 71 km s −1 Mpc −1 . This results in a linear scale of 8.11 pc mas −1 or 26.45 ly mas −1 for CTA 102 (z=1.037). With these conventions, 1 mas yr −1 corresponds to 52.9 c. We use R for the radius of the jet and r for the distance along the jet. If not explicit mentioned we use cgs units throughout this paper.
Data analysis
For our analysis we used eight VLBI observations spanning from May 2005 until April 2007. The coverage of the 2006 radio flare in CTA 102 by our VLBI observations is presented in Fig. 1 , where we show the temporal correspondence between the cmmm light curves and the VLBA observations of CTA 102. The red dashed lines correspond to the epochs of multi-frequency VLBA observations. More details about calibration, imaging and model fitting of these VLBI images are presented in section 2 of Paper II.
Following the convention used in Paper II, the structure of the jet in CTA 102 can be studied by dividing it into four regions labeled as A (r > 8 mas), B (4 mas < r < 8 mas), D (2 mas < r < 4 mas) and C (r < 2 mas, the core region). Throughout our data set we could clearly cross-identify seven features within regions A, B, and D. The analysis of the long-term monitoring of the source at 43 GHz revealed four additional features in region C (Paper II). Table 1 presents a list of typical (average) image parameters for the CTA 102 observations at different frequencies. 
Image Alignment
The absolute position of the source is lost during the calibration process of VLBI observations due to the use of closure phases. However, a proper relative alignment of the different frequency images is a basic requirement for a reliable core-shift and spectral analysis. The ideal technique to restore the initial position of the source would be based on phase-referencing observations. Such experiments require a compact object in the neighborhood of the source. In most of the cases this object would be not within the primary antenna beam of the interferometer, and this requires a nodding between the main source and the calibrator (e.g., Ros 2005) . Our observations were not designed in phase-referencing mode making another approach is necessary.
A common procedure to correct for the frequency dependent position of the source and especially the core, is based on the assumption that the position of an optically thin region (S ∝ v α 0 ) does not depend on the observing frequency. There are two different approaches for the registration of multifrequency VLBI observations; one based on cross-identification of fitted Gaussian functions to the visibilities (denoted as components) and another based on 2D cross-correlation of the optically thin emission regions in the image plane. The advantage of the 2D approach is that the whole optically thin emission region is taken into account for the alignment, whereas the one based on fitted components takes only a single region into account. Nevertheless, if the source does not exhibit an extended jet region the approach based on fitted features would be a better choice (see,e.g., Kadler et al. 2004; Kovalev et al. 2008; Croke & Gabuzda 2008) . In this paper we used a hybrid approach (2D cross-correlation and fitted components) depending on the amount of extended structure and on the resulting spectral index maps. We followed the work of Croke & Gabuzda (2008) and adjusted their technique to our needs. For the alignment based on cross-identified components we used the feature labeled as B2 for frequencies ν < 22 GHz and component D2 for higher frequencies. Both features could be cross-identified throughout our entire data-set (see Fig. 2 and Paper II).
2D cross-correlation of VLBI maps
The image parameters of a VLBI map, e.g., map size (ms), pixel size (ps) and convolving beam size (bs), increase with decreasing frequency (to optimize them with the resolution in each case). Before we perform the cross-correlation of the VLBI images we select a set of common image parameters. The best results for the cross correlation of two VLBI images with frequencies, ν 1 and ν 2 , where ν 1 > ν 2 , are achieved by using the map size and beam size of the low frequency image, ms(ν 2 ) and bs(ν 2 ), and 1 20 of the high frequency beam size as pixel size ps (see also Pushkarev et al. 2012) . These settings guarantee that no structure information is lost during the alignment process. After both images are convolved with the common beam, the optically thick core region is masked in both maps. During the cross-correlation process one of the images is shifted in ∆x and ∆y direction and the cross-correlation coefficient (see Eq. 1) at each shift position (∆x, ∆y) is calculated. The cross-correlation coefficient cc ∆x,∆y , between the two maps is defined as (assuming that only the second map is shifted):
where i and j are the indices of pixels in the different images, S i, j ν 1 is the flux density of the non-shifted image at the position (i, j) and S ∆x·i,∆y· j ν 2 is the flux density of the shifted map by ∆x and ∆y. Finally,S ν 1,2 is the average flux density in the images. The result of this approach is the distribution of cross-correlation coefficients within the shift area. The best shift position corresponds to the maximum cross-correlation coefficient. The finite width of the pixel size leads to discrete values for the best shift position in steps of the used pixel size. This dependence on the selected pixel size can be overcome by fitting a 2D elliptical Gaussian to the cross-correlation distribution achieved. A 2D elliptical Gaussian distribution can be written in the following form
where the coefficients a, b, c are defined by:
with Θ the rotation angle, x 0 and y 0 the mean values, and σ x and σ y the standard deviations. The fitted parameters x 0 and y 0 can be regarded as the best shift position. If the distribution of the cross-correlation coefficient is smooth and symmetric around the mean values, the distribution of the cross correlation coefficient could be described as a Gaussian distribution and the mean values are the best choice for the correction of the core shift. Otherwise, the position of the highest cross correlation coefficient is a suitable choice. The distribution of the spectral index, α, computed from two adjacent frequencies is highly sensitive to positional changes:
In this way, a visual check on α for both alignment methods allows us to diagnose their performance. In principle, the distribution of the spectral index, α, should be smooth across the jet with a decrease towards the extended structure and a slight transversal gradient. We computed several spectral index maps using the 2D cross-correlation approach and component approach in order to investigate the difference between both methods. Examples are presented in Figs. 4 -7 for the alignment of two low frequency and two high frequency VLBI images.
Low frequency alignment
For the alignment of the 8 GHz and 5 GHz maps of the May 2005 observations, we used a pixel size of 0.04 mas and beam size of 3.65 × 1.52 mas and a P.A. of −8
• for the 2D cross-correlation and for the component based approach we used the feature labeled as B2 (see contour plots in Fig. 2 ). Figure 4 presents the distribution of the cross correlation coefficient between the 8 GHz and the 5 GHz image. The best shift position was found at ∆x = 0.38 mas and ∆y = −0.28 mas (black dashed line in Fig.  4) . From the component-based approach we obtained an image shift of ∆x = 0.47 mas and ∆y = −0.34 mas.
The distribution of the spectral index shows in both cases an optically thick core region (α > 0) and an optically thin jet region (α < 0), with the transition at a distance of r ≈ 2.7 mas away from the core. The evolution of the spectral index along the jet axis is similar for both approaches with minor variations (see inlet A in Fig. 5 ). However, there are major differences in the transversal distribution of the spectral index (inlet B in Fig. 5 ). The modelfit based approach has a strong transversal gradient in the spectral index (blue line in inlet B), which is smoothed out by the 2D cross-correlation technique (red line in inlet B). 
High frequency alignment
We used the 22 GHz and 43 GHz VLBA observations in May 2005 epoch to study the alignment of high frequency maps. The 2D cross-correlation technique resulted in a correction of ∆x = 0.04 mas and ∆y = 0.01 mas, using a pixel size of 0.01 mas, beam size of 0.95 × 0.33 mas, and a P.A. of −13
• (see Fig. 6 for the distribution of the cross-correlation coefficient). Fixing component D2 (see Fig. 3 ), we calculated a value of ∆x = 0.03 mas and ∆y = 0.01 mas for the correction of the opacity shift. Since the distribution of the cross-correlation coefficient is not well described by a 2D-Gaussian, we selected the position of the highest cross-correlation coefficient as the best shift position (see white dashed line in Fig. 6 ). The computed spectral index maps between 22 GHz and 43 GHz are presented in Fig. 7 . The distribution of the spectral indices in the optically thick core region (r < 0.3 mas) follows the same decreasing trend as in the low-frequency case (see inlet A in Fig. 7 ). The distributions are slightly rotated by roughly 15
• . The two different techniques, 2D cross-correlation and component-based alignment lead to nearly identical spectral index maps.
Spectral Analysis
For the extraction of the spectral parameters, turnover frequency, ν m , turnover flux density, S m , and optically thin spectral index, α 0 we need at least three VLBI observations at different frequencies. In general, there are two approaches for the extraction of the spectral parameters, one based on the flux densities in each pixel (Lobanov 1998a ) and the other one on the fitted components (Lobanov & Zensus 1999; Savolainen et al. 2008) . The advantage of the pixel-based approach is that it provides a continuous evolution of the spectral values along the jet. If the spectrum is not homogenous because several components are located within a region of the size of the convolving beam, or the turnover frequency, ν m , is out of our frequency range, we can no longer obtain the turnover values. Nevertheless, the spectral index, α (S ν ∝ ν α ) can still de derived.
As mentioned in section 2.1, the convolving beam and pixel size of the maps are decreasing with increasing frequency (see Table 1 ). An appropriate selection of the common beam and pixel size for all the maps involved in the analysis is needed to avoid the generation of image artifacts (small beam size) or the loss of structural information (too large pixel size). There are two possible techniques that can be used to avoid these difficulties. The first one uses the beam size of the lowest frequency map and pixel size of the highest frequency map. The second one is an adaptive method, where the beam and pixel size are selected depending on the distance to the core, i.e., the closer to the core, the smaller the beam and the pixel size. Using the latter implies that the lower frequency maps have to be excluded from the spectral analysis closer to the core region to avoid image artifacts.
After one of the aforementioned methods is selected and the opacity shift is corrected in the maps relative to a reference one (Sect. 2.1), the pixel-to-pixel spectral analysis can be performed. The procedure is the following: i) The aligned images are all convolved with a common beam and pixel size and are stacked on top of each other into a datacube. ii) The dimensions of this cube are the map dimensions in the x− and y−direction and the number of involved frequencies in the z−direction. Due to the already performed image alignment (see Sect. 2.1), each pixel at a given frequency j(ν u ), i(ν u ), k(ν u ) corresponds to its counterpart at the other frequencies j(ν p ), i(ν p ), k(ν p ) , where j(ν u/p ), i(ν u/p ) are the array indices of each VLBA map in x− and y−direction and k(ν u/p ) is the frequency index. iii) For each position (x,y) a frequency vector ν x,y = [ν 0 · · · ν n ] and a flux density vector S ν,x,y = S ν,0 · · · S ν,n vector can be extracted, with n the total number of maps included in the spectral analysis.
By fitting the approximation of the synchrotron-self absorbed spectrum to ν x,y and S ν,x,y , the turnover frequency, ν m,x,y , the turnover flux density S m,x,y , and the optically thin spectral index, α 0,x,y , can be obtained, while fixing α t,x,y = 5/2 (assuming homogeneous synchrotron emission feature). Extending this technique to the overall source structure results in a 2D-distribution of the turnover values for each multi-frequency epoch. Figure 8 illustrates our spectral analysis algorithm. We estimated the uncertainties on the derived spectral parameters including the uncertainties of the measured parameters and the sensitivity of the computing method to the shifts between images, as described in Appendix D. In short, first we assumed that the uncertainties in the flux density vary between 5% and 15%. We included this frequency-dependent flux density uncertainty in our error analysis and, additionally, we incorporated the flux density errors for each pixel, based on the image SNR at each of them. To estimate the influence of the uncertainties of the opacity shifts we assumed that the uncertainties of the obtained shift positions are within the used pixel size. Therefore, we randomly shifted each map within the allowed position, extracted the spectral parameters and calculated the scatter of the obtained values. This was done by performing a Monte Carlo simulation for which we used up to 10 4 random shifts for each epoch to derive the uncertainties for the spectral parameters. We rejected turnover values which are not well constrained within our data set, i.e., spectra for which we obtained turnover frequencies, ν m , lower than 75% percent of the minimum frequency in the data set. This procedure provides the most reliable turnover values and is incorporated in presented evolution of the spectral parameters.
Core-shift analysis
We used the technique presented in Sect. 2.1 to align the VLBI observations of CTA 102. Due to the difference in the image parameters, especially in the convolving beam size, we used only adjacent frequency maps in the alignment. The shift values obtained relatively to the initial position are presented in Table 2 .
There are two different shift directions towards the northeast (positive x− and y− directions) for frequencies larger than 22 GHz (see panel A in Fig. 9 ) and towards the south-east direction for lower frequencies (relative to the highest frequency involved in the analysis, see panels B, C, and D in Fig. 9 ). An exception of this observed behavior appears in the April 2006 epoch, possibly due to the large flux density outburst during this time.
We derived the core-shift vector from the correction of the opacity shift (see Table 2 ) and the position of the VLBI core (see Paper II for more details on the jet model fitting). Figure 9 shows the variation of the core-shift vector for the different frequency pairs with time. The solid circles indicate the distance from the reference core in mas, the dashed lines are drawn in intervals Table 4 . Physical parameters from the core-shift analysis for three different models (see text for more details). 
• , ϕ = 0.5 Fig. 9 ) whereas the 15 GHz−8 GHz ones show some variation in the north-east to south-east direction. This variation in the direction of the core-shift vector for this frequency pair may reflect the slightly different orientation of the radio jet axis between 15 GHz and 8 GHz. For the other frequency pairs, the difference in the jet axis is not as pronounced as for the 15 GHz − 8 GHz pair (see contour plots in Fig.2) .
In order to derive the parameter k r (see Eq. 37), we used the highest frequency during each observation as a reference frequency and computed the relative radial core-shift. Since CTA 102 has a curved structure, clearly visible in Fig. 2 , we would have underestimated the core-shift by using only the one-dimensional radial distance between two VLBA cores. Therefore, we calculated the core-shift along a curved trajectory given by the x-and y-position of the image alignment. Table 3 presents the calculated core-shift values relative to the highest frequency during each observation epoch.
Since we measure the core shift relative to a reference frequency, ν ref , Eq. 37 can be re-written in the following form (O'Sullivan & Gabuzda 2009):
We applied Eq. 7 to the core-shifts and the results are presented in Table 5 Assuming that the jet is in equipartition and has a conical geometry, which is a valid assumption for region C as seen from the value obtained for k r , the magnetic field can be obtained using Eqs. 39 -44 (see Sect. 4 for further details on the jet width in region C) . In general, the radial evolution of the magnetic field in the jet is given by B ∝ r −ǫb , where ǫ is the jet opening index (R ∝ r ǫ ) and b parametrizes the evolution of the magnetic field (B ∝ R −b ). For a jet in equipartition the particle density has to decrease as N ∝ R −2b or, in terms of distance along the jet N ∝ r −2bǫ . Assuming a conical jet (i.e., ǫ = 1) and a toroidal magnetic field (b = 1), an estimate can be derived for the magnetic field, B core = B 1 r −1 core , and the relativistic particle density at the core,
core . For the calculation of the magnetic field we used the shifts obtained between 22 GHz and 15 GHz because we obtained a small variation in the core-shift orientation for this frequency pair. We used an viewing angle of ϑ = 2.6
• , a half opening angle ϕ = 0.5
• , a Doppler factor δ = 17 and an apparent speed, β app = 13 c, derived from the components C1 and C2 (see Paper II). These components were ejected during our observations and are the ones that best reflect the velocities in the core region. Table 4 presents values for the magnetic field and the particle density computed from the core-shift results using i) k r = 1, α 0 = −0.5, ϑ = ϑ crit and β app = 13 and ii) k r 1, α 0 = −0.5, ϑ = 2.6
• , ϕ = 0.5
• and δ = 17, and iii) k r 1 and α 0 = −0.5, ϑ = 2.6
• and δ = 17. For the calculation of the particle density we assumed a fixed ratio of γ max /γ min = 10 5 and a lower electron Lorentz factor γ min = 1. Figure 10 shows the evolution of B core,22GHz and N core,22GHz for the three models. For model i), we obtained the values around B core,22GHz ∼ 0.1 G and N core,22GHz = 60 cm −3 (black points in Fig. 10 ). Using a more detailed jet parameters, while keeping k r = 1 and α 0 = −0.5 leads to smaller values of B core,22GHz ∼ 0.08 G and N core,22GHz ∼ 30cm −3 as compared to model i. On average, slightly smaller values are computed for B core,22GHz and N core,22GHz if we use the obtained k r values. The average B core,22GHz = 0.07 G and N core,22GHz = 23 cm −3 .
Transversal jet structure and jet ridge-line
A conical jet geometry was assumed in the modelling presented in the previous section. We studied the transversal jet structure of CTA 102 to test this assumption. For this, we derived the jet ridge line, i.e., the line connecting the local flux density maxima along the jet, and fitted a Gaussian to the flux density profiles perpendicular to the jet ridge-line (see, e.g., Pushkarev et al. 2009 ). Since we were interested in the average jet width and ridge line, we used stacked VLBA images, which include all the observations at a given frequency, here from 2005 until 2007. The advantage of using stacked images is that the values obtained for the width and the ridge line are less affected by individual calibration uncertainties. For the convolution of the individual images we used the average beam size for each frequency (see Table 1 ). After applying the opacity correction to the ridge lines derived at different frequencies, we obtained a good spatial agreement between them (see Fig. 12 ). The jet ridge line at low frequencies ν < 8 GHz shows an oscillating pattern with an observed wavelength λ obs,1 ∼ 20 mas. Within the first 13 mas from the core, the ridge line is oriented along an observed angle of −65
• . At higher frequencies, a second oscillating pattern developing on top of the first one is observed, as reported in Perucho et al. (2012) for the case of the jet in the quasar S5 0836+710. This second pattern is best visible at 15 GHz and 22 GHz and has an observed wavelength, λ obs,2 ∼ 5 mas. There are also indications for an additional pattern with λ obs,3 < 1 mas visible at the highest frequencies, 43 GHz and 86 GHz. A full analysis on the jet ridge lines as described in Perucho et al. (2012) could lead to additional parameters of the three dimensional helical patterns, which are potentially connected to fluid instabilities, but this is beyond the scope of this paper. Figure 13 shows the variation of the de-convolved jet width, • with overplotted jet ridge line. The lowest contour level is drawn at 5× the average off-source rms (4 mJy) and the contours increase with steps of 2.
frequency reflect the resolution limit where we can not resolve the transversal structure of the jet. The position of the first observed rise of the jet width increases with decreasing frequency and is in good agreement with the position found at neighboring frequencies, which supports the validity of the measurement. Tracing this point back to the highest frequency available in our data set (86 GHz) leads to a distance of 0.1 mas from the jet nozzle and to a jet width of 0.05 mas, which corresponds to one half of the convolving beam size transversal to the jet ridge line. The jet width is varying, with several indications for collimation and recollimation along the jet. This behavior is best visible at 15 GHz. For this frequency our analysis reveals three local maxima of the jet width at a core distance along the ridge line of r = 1.2 mas, r = 5.4 mas and r = 13.3 mas. At the higher frequencies ν = 22 GHz and ν = 43 GHz we also find indications of recollimation of the jet at the same positions.
We approximated the jet width with a power law in each of the four different regions C, D, B, and A, in which we divided the jet. The jet width can be parametrized as a power law, R ∝ r ǫ where ǫ is the jet opening index. The jet opening index obtained for each of these regions is presented in Table 6 . A single power law fit applied to the jet width gives ǫ = 0.6 ± 0.1 for the four regions. Table 6 . Estimates for the exponent ǫ, defining the jet geometry, The results of the jet width analysis show that CTA 102 embeds a pinching jet width, i.e., it consists of regions where the jet cross-section is opening or closing. At r < 1 mas the jet shows a nearly conical geometry ǫ = 0.8 ± 0.1. Farther downstream (r > 4 mas) the jet geometry differs significantly from conical.
Spectral analysis
Here we present the result of the spectral analysis for the different jet regions as introduced in Paper II (see the previous section). We show the spectral parameters along the jet ridge-line and averaged values transversally to it, which reflect possible transversal gradients in the spectral parameters across the jet. The 2D distribution of the spectral parameters is presented in Appendix C
Since the spectral turnover is outside our frequency range for regions B and A, we fitted a power law S ν ∝ ν α to the measured flux densities. The uncertainties on the spectral parameters were calculated using a Monte-Carlo simulation taking into account the uncertainties of the image alignment and the flux densities of the individual pixels. Since the uv-coverage is changing with frequency we only used those uv-radii covered throughout the selected frequency range. For more details see Appendix B and Fromm (in preparation) for the detailed treatment of the capabilities and the limitations of the pixel based spectral analysis applied to multi-frequency VLBI images.
Region C (r < 1 mas)
The core region is characterized by an inverted spectrum (increasing flux density with increasing frequency) throughout our data set, except for the May 2005 observations. Therefore, we applied a power-law fit to obtain the 2D distribution of the spectral index α. The region could be best studied using the highfrequency VLBI maps (ν > 8 GHz), a common beam size of 0.95 × 0.33 mas with a P.A. of −13
• , which corresponds to the average beam of the 22 GHz observations, and a pixel size of 0.03 mas. These image settings allowed us to extract the spectral index without generating image artifacts in the low-frequency maps or losing structural information in the high frequency maps.
The spectral index along the jet axis is presented in Fig. 14, where we used the 43 GHz core of each observation as the origin of coordinates. The core region of the September 2005 and January 2007 observations of CTA 102 could not be explained with a single power law due to the rise of a flare i.e., the increase of the high frequency flux densities, here the 43 GHz flux densities (see Fig. 1 ). Therefore, we excluded these two epochs from the analysis of the core region. Within r < 0.3 mas from the core, the spectral index is positive (α > 0), which corresponds to an inverted spectrum and farther downstream α decreases with distance. There is a variation of α with distance and time. The latter is best visible between May 2005 and October 2006, when the slope of the spectral index along the jet changes from −1.6 (May 2005) to −1.1 (June 2006) and back to −1.3 (October 2006). This could be an indication for the injection of relativistic particles and the connected energy losses during the propagation of a relativistic shock wave.
Since our frequency coverage for the May 2005 observations spans from 5 GHz to 86 GHz, estimates on the values at the spectral turnover could be derived. For this epoch, we only present axial turnover values, since we could hardly resolve the transversal structure of the source with the selected beam size. Figure 15 shows the spatial evolution of the turnover frequency, ν m , the turnover flux density, S m , and the optically thin spectral index, α 0 along the jet ridge line. The optically thin spectral index decreases from −0.1 at r = 0.15 mas to −0.45 at r = 0.5 mas. At the same distance the turnover frequency changes from ν m = 30 GHz to ν m = 15 GHz at r = 0.5 mas. A drop in the turnover flux density, S m , occurs at r = 0.2 mas from S m = 2.3 Jy to S m = 1.2 Jy.
In the turnover frequency-turnover flux density plane, the spatial evolution shows a constant turnover flux density S m = 2.3 Jy for r < 0.15 mas, while the turnover frequency decreases (see fig. 16 ). For r > 0.15 mas both, the turnover frequency and the turnover flux density decline. This decrease in the turnover position is in agreement with the expected behaviour, when the (adiabatic) expansion losses are the dominant energy loss mechanism (Marscher & Gear 1985) . The constant turnover flux density measured across the region at r < 0.1 mas could be caused by the smearing of the flux density during the convolution.
Region D (1 mas < r < 4 mas)
For the spectral analysis of region D we used a beam size of 1.33 × 0.52 mas and a pixel size of 0.04 mas and included the 5 GHz and 8 GHz VLBI maps into the analysis. Due to this extended frequency range we could derive the turnover values by applying Eq. 25. We rejected turnover frequencies below 5 GHz and optically thin spectral indices, α 0 > −0.2.
The values obtained for the turnover frequency in this region are between 5.0 GHz and 10.0 GHz. The axial turnover frequencies exhibit a curved distribution, where the value of the peak and its position vary in time (see left panel in Fig. 17 ). This curvature could be an artifact of the convolution. However, the transversally averaged values show a monotonic decrease in the turnover frequency (see the right panel in Fig. 17 ).
The evolution of the turnover flux density, S m , shows a clear decreasing trend with time and a slight shift in the position of the flux density maxima with distance from the core (see Fig. 18 ).
The optically thin spectral index shows an increasing trend with distance from α 0 ∼ −1.0 to α 0 ∼ −0.5, but the large uncertainties in the optically thin spectral index do not allow us to detect a significant temporal variation (see Fig. 19 ).
We can see significant changes in the turnover frequency and turnover flux density with time and position in region D. The kinematical results (Paper II) and the present spectral study point towards a situation in which component D2 crosses region D during the time span of our observations, possibly interacting with a standing emission region at r ≃ 1.5 mas. Following the classical shock-in-jet model, we would expect a continuous decrease in turnover flux density and turnover frequency, since at this position, r = 1.5 mas (de-projected 86 pc), the main energy loss mechanism should be adiabatic expansion losses. However, we detect an increase in S m at this position, which could be due to an re-acceleration of relativistic electrons or an increase in the particle density (see also Paper I). From the spectral analysis of region C we know that the turnover flux density and turnover frequency are monotonically decreasing (see Fig. 16 ). Therefore, the increase in the ν m − S m plane requires a region of locally increased density and/or magnetic field. Such a local increase in the physical parameters could be created by a recollimation shock. The results of the kinematic analysis in region D (Paper II) and the study of the transversal jet width (Sect. 4) support this assumption. 
This region is characterized by three nearly stationary components (see Paper II) and by a constant jet width (see Sect. 4). Figure 21 shows the value of the spectral index along the jet. This region could be best studied by using a frequency range from 5 GHz to 15 GHz, a beam size of 2.32 × 0.97 mas, a P.A of −7
• , and a pixel size of 0.10 mas. The spectral index at r ∼ 2.0 mas lies between −0.8 < α < −0.6, which is consistent with the continuation of the observed evolution in region D (see Fig. 19 ). For r > 2.0 mas an increase in the spectral index can be observed, followed by a plateau of nearly constant value at r = 4.0 mas (left panel in Fig. 21 ). For larger distances, the spectral index decreases with distance until r ∼ 7.0 mas. Farther downstream there is an additional rise of the spectral index, although less pronounced than the one at r = 4 mas.
Region A (8 mas < r < 14 mas)
For region A we used the VLBI images at 5 GHz, 8 GHz, and 15 GHz and a beam of 3.65 × 1.52 mas, a P. A. of −8
• , and a pixel size of 0.15 mas. In contrast to region B, the spectral index decreases from α ∼ −1.0 to α ∼ −1.2 without major variations, best visible in the transversally averaged values (see Fig. 22 ). The increase of the averaged values for the May 2005 May observations (2005 ) is due to a region of high spectral indices at the edges of the jet (see Fig. 43 in Appendix B). The sparse sampling of the uv coverage, especially on short ranges leads to strong variation on the outermost structure. Additional to the uv-sampling, antenna or weather problems (e.g., rain), which mainly affects the low frequencies and especially the outer structure of the source, lead to strong flux variations and therefore variations in the spectral index. Therefore, we restricted ourself to distances r < 14 mas in the spectral analysis of the outermost structure. 
Spatial and temporal evolution of physical parameters

Position of the jet nozzle
For the core region C we could only derive the turnover frequency, ν m , and the turnover flux density, S m for the May 2005 observations due to extended frequency range up to 86 GHz. The spectral turnover values allow us to compute the magnetic field and the normalization coefficient of the relativistic electron distribution using Eqs. 32 and 33, respectively. Furthermore, we could provide some estimates on the number density of the relativistic particles and on the magnetization, σ, of the plasma using the first order model presented in Sect. 6.4 and the jet width (see Sect. 4).
Notice that in this section we use the opacity corrected core position, i.e., radial origin corresponds to the location where τ = 1 for ν → ∞ using the results of the core-shift analysis (see Table  5 in Sect. 3). In Table 7 we present the offset corrections for all epochs. 
Core region in May 2005
For the calculation of the magnetic field and the normalization coefficient of the relativistic electron distribution we need to know the evolution of the jet width and an estimate for the Doppler factor along the jet. Since the turnover values for region C were obtained using the average beam size of the 22 GHz VLBI maps (see Sect. 5.1), we used the jet width calculated for this frequency (see Sect. 4). Based on the flux density evolution of the component labeled as C2 we calculated a variability Doppler factor δ var = 17 ± 3. A parameter space study based on the gradients in the brightness temperature, T b , revealed that the Doppler factor increases within region C (see Paper II). Accordingly with the numbers obtained in Paper II, we adopted an exponent of d = −0.6 (δ = R −d ) and an upper value of δ = 17 for the following analysis.
The magnetic field computed from the aforementioned parameters is presented in the upper panel of Fig. 23 . The magnetic field intensity decreases from 60 mG at r = 0.1 mas to 30 mG at r = 0.4 mas. The results of an approximation of the evolution with a power law (B ∝ r b ′ ) gives an exponent b ′ = −0.3 ± 0.1 for the whole range (0.02 mas < r < 0.4 mas, dashed red line in the upper panel of Fig. 23 ). The flat spectral index for r < 0.1 mas could be due to convolution effects. Therefore, we additionally fitted the evolution of the magnetic field intensity for r > 0.1 mas and obtained an exponent of b ′ = 0.7 ± 0.1 (solid red line in the upper panel of Fig. 23) . Similar values for the magnetic field, B, were obtained using the core-shift (see magnetic field values in Sect. 3). Since both methods are independent, the result of the magnetic field can be regarded as meaningful estimate.
The normalization coefficient of the relativistic electron distribution spans from 5.0 erg −2α 0 cm −3 to 10 −3 erg −2α 0 cm −3 . We used a power law (K ∝ r k ′ ) to fit the evolution of K with distance along the jet and obtained k ′ = −3.6 ± 0.3 for the entire region (dashed red line in the lower panel of Fig. 23) . As in the case of the magnetic field, the values for K steepen for r > 0.1 mas. A power law fit for this region results in k ′ = −4.6 ± 0.2 (solid red line in the lower panel of Fig. 23) . Notice that the values of the normalization coefficient can not be directly compared due to the varying spectral index along the jet (see bottom panel in Fig. 15 and Eq. 33). The slopes obtained from the variation of the magnetic field, B, and the normalization coefficient, K, (see Fig. 23 ) correspond to the evolution along the jet and include the influence of the jet geometry (e.g., the magnetic field along the jet is given by B ∝ r ǫb ). We thus have to take into account the evolution of the jet radius in order to derive the geometry of the magnetic field. The evolution of the transversal jet size with distance in region C can be fitted with an exponent ǫ = 0.8 ±0.1 (R ∝ r ǫ ). This results in b = −0.4 ± 0.1 for the overall region and to b = −0.9 ± 0.2 for r > 0.1 mas. For the evolution of the normalization coefficient K we computed an exponent of k = −4.5 ± 0.7 for 0.02 mas < r < 0.45 mas and k = −5.7 ± 0.8 for r > 0.1 mas.
Assuming adiabatic expansion losses as the main energy loss mechanism, and following Marscher & Gear (1985) ; Lobanov & Zensus (1999) , the slope in the ν m −S m plane is given by:
with b the exponent for the evolution of the magnetic field intensity (B ∝ R −b ), k the exponent for the evolution of the normalization coefficient of the relativistic electron distribution (K ∝ R −k ), d the exponent for the evolution of the Doppler factor (δ ∝ R −d ), and s the spectral slope (N = Kγ −s ). A power law fit to the variation of the turnover flux density with respect to the turnover frequency provides an exponent η = 0.8 ± 0.1 (see Fig. 16 ). Together with estimates on b, k and d, we obtained the average spectral slope s = 2.3 ± 0.6, by solving Eq. 8 for s. This value for the spectral slope is, within the uncertainties, in agreement with the results of the parameter space study based on the observed brightness temperature gradients for the adopted value of d = −0.6 (see panel 2 in Fig. 16 of Paper II).
Region D
For the calculation of the magnetic field and the normalization coefficient for region D we used the jet width obtained from the stacked 15 GHz VLBI maps (see Fig. 13 in Sect. 4). The jet expands until r ∼ 1.5 mas and collimates between 1.5 mas < r < 2.4 mas. Power law fits applied to the expansion and collimation regions give ǫ = 0.8 ± 0.1 and ǫ = −0.5 ± 0.1 (where ǫ is the jet opening index, R ∝ r ǫ ). The kinematic analysis of region D shows a decreasing trend for the Doppler factor, which is based only on two data points, due to the lack of traveling components within this region. Because of this, we used for the calculation of the magnetic field and the normalization coefficient the average of δ = 7. The upper panels in Fig. 24 show the spatial and temporal evolution of the axial (left panel) and transversally averaged (right panel) magnetic field intensity. The axial magnetic field varies between 6 mG and 0.5 mG and the transversal averaged magnetic field spans from 10 mG to 0.5 mG. Like the turnover frequency for region D, the magnetic field intensity onaxis shows a parabola shaped distribution (there is a rise and a decrease within the region) whereas the transversally averaged magnetic field decreases with distance. However, both show an increase between 2005.39 and 2006.29, which could be due to the passage of a traveling feature through this region (see component D2 in Paper II).
The evolution of the normalization coefficient, K, with distance to the core is presented in the lower panels of Fig. 24 . The left panel shows the on-axis values and the right panel shows the transversally averaged ones. In both cases, K decreases in the region 1.0 mas < r < 1.5 mas and increases farther downstream. The variation in K is larger for the axial values (from 5 × 10 −5 erg 2α 0 cm −3 to 10 −11 erg 2α 0 cm −3 ) than for the transversally averaged values (between 10 −11 erg 2α 0 cm −3 and 10 −7 erg 2α 0 cm −3 ). The values for K depend on the optically thin spectral index and cannot therefore be directly compared. In contrast to the magnetic field intensity, the shape of the distribution is comparable for both values, and the increase in K could reflect a reaccleration of relativistic particles.
Due to the large scatter and uncertainties in B and K we use in the following the time-averaged value at each position. The evolution of these time-averaged values with distance could be approximated by a power law and the results for the exponents are presented in Fig. 25 and Table 8 . For r < 1.4 mas, b ′ is for both, on-axis and transversally averaged values in Fig. 25 , that expected for a poloidal field Table 8 . Results of the power law approximations for B and K (as seen in Fig. 25 ) in region D.
2.5±0.7 −9.6 ± 3 3.1±1.0 −12 ± 4 r > 1.4 mas (ǫ = −0.5 ± 0.1) b
9.6±3 0.8±0.6 −19 ± 7 trans. −2.1 ± 0.3 10.2±3 4.2±1.8 −20 ± 8 (b ′ ∼ 2), within the uncertainties. However, there is a significant difference between the value on-axis and the averaged one, indicating that the field is poloidal on average, but could have a toroidal component closer to the axis. The strong decrease in the value of K on-axis results in an exponent k ′ ∼ 30 (not given in the Table) , which reflects the huge scatter in the temporal evolution of K (see Fig. 24 ). For the transversally averaged normalization coefficient, K, we obtained an exponent of k = −12 ± 4.
For r > 1.4 mas (within region D), the difference in the exponent between the on-axis values and the transversally averaged ones is larger. On-axis, the exponent indicates that the magnetic field is not organized in poloidal geometry, whereas the transversally averaged value of the field would keep the poloidal structure from the previous region. For both the on-axis and the transversally averaged normalization coefficients the exponent is k ∼ 20. The unclear geometry of the magnetic field close to the jet axis in region D, together with the kinematic analysis for this region, could be interpreted in terms of an additional shock-shock interaction, as already suggested in Paper II. Such an interaction could lead to strong variations in magnetic field intensity and orientation. In particular, an increase in the transversal component (radial) is expected at the shock. Numerical simulations show that, at the position of recollimation shocks, there is an adiabatic compression that causes a (symmetric) bump in the spectral index (Mimica et al. 2009 ).
6.4. Derivation of the evolution of γ min and γ max Marscher (1987) pointed out that the energy limits, E min = γ min m e c 2 and E max = γ min m e c 2 in the expression describing the synchrotron spectrum are difficult to estimate. From the results obtained in this paper, we can now put constraints on the evolution of the minimum and maximum Lorentz factors of the non-thermal population along the jet in CTA 102. However, here we present a first-order approximation for the evolution of the lower, γ min , and upper, γ max electron Lorentz factors. We consider two different jet geometries, i) a conical pressure matched jet (d k = p 0 /p a = 1) as a reference model and ii) an overpressured jet (d k 1). Based on these two different assumptions, and using some of the parameters obtained from the core-shift, ridge-line and spectral analysis, we computed the evolution of the electron Lorentz factor assuming iii) only adiabatic losses and iv) synchrotron and adiabatic losses. For this calculation we used an adiabatic indexγ = 4/3, which corresponds to an ultrarelativistic e − e + plasma.
Conical jet: The first step in the calculation of the evolution of the electron Lorentz factor is to define the properties of the jet.
In the case of a pressure-matched jet, the profile is conical and it is characterized by its radius at the jet nozzle, R 0 , and its opening angle, ϕ. The opening angle, ϕ, can be obtained either from the measured bulk Lorentz factor ϕ ∼ 1/Γ (e.g., Königl 1981) or from the transversal size of the jet (e.g., Pushkarev et al. 2009 ). The jet width, R 0 , at the nozzle can be calculated in the following way:
with R j the jet width obtained at a position, r j , where the jet can be transversally resolved and r j−0 the distance to the jet nozzle including the opacity shift correction (see Sect. 8.0.1). Finally the jet width for a conical geometry can be written as a power law:
where ǫ = 1 and r 0 is a normalization distance.
Overpressured jet: An initial over-pressure at the jet nozzle leads to the formation of recollimation shocks farther downstream (e.g., Daly & Marscher 1988) . Such stationary features can be detected and identified with VLBI observations. For the calculation of the jet width at the nozzle we used the approximation presented by Daly & Marscher (1988) :
where r max is the de-projected distance between the jet nozzle and the recollimation shock, Γ 0 is the bulk Lorentz factor of the fluid and d k = p 0 /p ext is the initial overpressure. Assuming a locally homogeneous ambient medium, the distance between the jet nozzle and the location of maximal jet width is roughly r (R max ) ∼ 0.5 r max (Komissarov & Falle 1997) . Using R 0 , the jet opening index, ǫ, can be derived for r < r (R max ). For r > (R max ), the jet is collimated by the ambient pressure, reaching a local minimum in the radius at the position of the standing shock. As in the case of the jet opening region, and given the jet width at the position of the standing shock, ǫ can be computed for this region. If there are additional recollimation shocks with known distance from the previous shock and jet width, one can proceed as in the case of the first recollimation shock and define the jet geometry.
For each case (conical and over pressured jet), the evolution of the maximum and minimum Lorentz factors of the non-thermal population considering adiabatic and synchrotron losses, and adiabatic losses alone, can be computed as follows:
Adiabatic and synchrotron losses: In order to provide an estimate for the variation of the electron Lorentz factor γ along the jet, the energy-loss equation, which includes both, radiative and adiabatic losses (see, e.g., Georganopoulos & Marscher 1998; Mimica et al. 2009 ), has to be solved:
where γ corresponds to the electron Lorentz factor and r to the distance along the jet. The synchrotron and adiabatic losses are given by:
Parametrizing the magnetic field, B = B 0 (r/r 0 ) −b , and the jet geometry, R = R 0 (r/r 0 ) ǫ , the energy loss equation can be simplified to: An estimate of the jet parameters at the jet nozzle is done by assuming that they must be similar to those at the first recollimation shock, which we locate at r ≃ 0.1 mas. This is justified by the fact that the conditions (pressure and density) at the position of the standing shock wave are roughly the same as those at the jet nozzle (in a locally homogeneous ambient medium, see e.g., Daly & Marscher 1988; Komissarov & Falle 1997) . These parameters, as obtained from this work and paper II, are listed in Table 9 . Theory * † taken from this paper ‡ taken from paper II ⋆ taken from Jorstad et al. (2005) * taken from Mimica et al. (2009) Figure 26 shows the results of our calculations for an overpressured (left panels) and a conical jet (right panels) using the parameters presented in Table 9 . Notice that the x-axes are given in pc (bottom) and in mas (top) to facilitate the comparison with observations. The panels show (from top to bottom) the evolution of the jet width with distance along the jet (fitted from the evolution of the jet radius with distance in Fig. 13 ), the evolution of the magnetic field intensity (from Figs. 23 for the core and 25 for region D), and computed evolution of the maximum and minimum electron Lorentz factor, γ min,max . The red solid and dashed lines in the bottom panels correspond to the variation of the electron Lorentz factor taking synchrotron and adiabatic losses into account and the black solid and dashed lines show the evolution of the electron Lorentz factor with only adiabatic losses.
For both jet models, the evolution of the upper electron Lorentz factor, γ max , decreases fast if the synchrotron losses are taken into account. The adiabatic losses are the dominant energy loss mechanism for r > 3 pc, which is visible in the similar slopes of the solid black and red lines. In contrast, the evolution of the lower electron Lorentz factor, γ min , is hardly affected by synchrotron losses.
The calculations show that in the case of an over-pressured jet, the magnetic field increases at the position of the recollimation shocks (at r ∼ 20 pc and r ∼ 270 pc) and at the same position, both the minimum and the maximum electron Lorentz factor increase. This increase of the Lorentz factor corresponds to the local increase of the particle density, i.e., adiabatic compression (see, e.g., Mimica et al. 2009 ). Farther downstream, the jet expands and the magnetic field and the Lorentz factor decrease again. At the second recollimation shock, there is again a local increase in both, magnetic field and electron Lorentz factor. This behavior is also visible in the case of adiabatic losses alone.
As opposed to the over-pressured jet, the evolution of the magnetic field and the electron Lorentz factor are continuously decreasing in the case of a conical jet (see right panels in Fig.  26 ).
Particle density, N tot and relativistic energy density, U e
Using the values computed for γ min and γ max , together with the magnetic field, B, and the normalization coefficient, K, we could compute estimates for the evolution of the total particle density, N tot , and the relativistic energy density, U re for regions C and D. The values of N tot and U re in region D were obtained from the average magnetic field and normalization coefficient (see Fig. 25 ). Figure 27 presents the results of our calculations taking radiative and adiabatic losses, and only adiabatic losses into account. The panels show the evolution of the total particle density, N tot (panel i), the relativistic energy density, U re (panel ii), the magnetization σ = U B /U re (panel iii) and the electron Lorentz factor (panel iv). The circle and diamond markers in panel iv correspond to the upper and lower electron Lorentz factors. Since our model for the evolution of the electron Lorentz factor does not take into account traveling shock waves, the average values of B and K in region D reflect a calculated steady state. However, the possible passage of a traveling component through this region was reported in Paper II, so this may be the reason for differences between the model and the observed behavior.
The total particle density for region C (r < 1 mas) takes values between (200-15) cm −3 if we consider only adiabatic losses and in the range of (100-10) cm −3 if we additionally take radiative, here synchrotron losses, into account (panel i in Fig. 27 ). Farther downstream in region D (1 mas < r < 4 mas) the particle density drops to roughly 1 cm −3 and increases at r ∼ 1.5 mas to 5 cm −3 (location of a possible standing shock). The values for both models lead to similar values since N tot ∝ γ 1−s min (see Eq. 34) and the evolution of the lower electron Lorentz factor is not affected by radiative losses (see panel iv).
The influence of radiative losses is clearly visible in the evolution of the relativistic energy density, U re , for region C (panel ii in Fig. 27 ). The energy density takes values in the range of (5 × 10 −1 -5 × 10 −3 ) erg cm −3 if only adiabatic losses are considered and from (10 −2 -10 −3 ) erg cm −3 if both, synchrotron and adiabatic losses are included. Since the spectral slope for region C is s < 2, the relativistic energy density is mainly proportional to γ max (see Eq. 35). As shown in Sect. 6.4, radiative losses strongly affect the variation of γ max . The difference between the two models nearly disappears in region D, where we obtain values between 10 −4 erg cm −3 and 10 −5 erg cm −3 . The dependence of U re changes from U re ∝ γ . The upper panels show the variation of the jet width, R, in pc along the jet, the middle panels the evolution of the magnetic field, B, in G and the bottom panels the variation of the upper and lower electron Lorentz factors, γ min,max . The solid and dashed red lines correspond to a model where we take both, synchrotron and adiabatic losses into account. In order to demonstrate the influence of radiative losses we computed additionally the evolution of the electron Lorentz factor only for adiabatic losses (solid and dashed lines in bottom panels). See text for more details. Notice, that the bottom x-axis is drawn in pc and to allow for the direct comparison with the observations we plotted the upper x-axis in mas. relativistic energy density increases by a factor 6 at r ∼ 1.5 mas.
For both models, the jet is particle dominated (σ < 1) for r > 0.1 mas (see panel iv in Fig. 27 ). However, the mentioned differences in U re lead to a difference of a factor 50 in the value of σ between the two models. The magnetization increases from a calculated value around σ ∼ 0.01 in region C to σ ∼ 0.1 in region D (see the third panel in Fig. 27 ) due to the increase of the magnetic field close to the location where we think that a standing shock is located, and drops to σ ∼ 0.01 at r = 1.5 mas due to the increase of the particle density (first panel in Fig. 27 ) and the related rise of the relativistic energy density (second panel in Fig. 27 ).
Discussion
Region C (core)
Region C covers the first milliarcsecond of the radio-jet. The component ejected after the 2006 flare (C2) evolves during the time spanned by the observations (2005) (2006) (2007) within this region. This component has a velocity of 0.25±0.04 mas/yr, which translates into an apparent velocity of 13 ± 2 c. In two years the component has covered an apparent distance of 0.5 mas. Unfortunately, we do not have enough resolution to identify C2 with accuracy in the spectral index maps of the region (see Fig. 14 and Fig. 38 in Appendix C).
However, following the temporal evolution of the spectral index distributions (both the axial and the transversally averaged values, see Fig. 14) , we observe that the first significant increase (beyond errors) of the spectral index in the region occurs at ∼ 2006.4 (blue dots). At this time, C2 should be crossing the region around 0.1 mas from the position of the 43 GHz core (0 mas in the plot, see Fig. A .25 in Paper II), which is the expected location of a stationary feature from our results in Papers I and II.
In Paper I, we deduced that the flare started around 2005.6 from the spectral evolution of the source as derived from the single-dish data. This evolution was interpreted in terms of the shock-in-jet model (Marscher & Gear 1985) . The ν m , S m plot after this flare revealed a Compton stage, which lasted until 2005.8, followed by an adiabatic stage. However, in the period 2006.0-2006.3, there was a reversal of the expected evolution, with an increase in the peak flux (S m ), while the peak frequency (ν m ) stayed basically constant. Finally, after 2006.3 the component returned to the expected spectral evolution dominated by adiabatic losses. This second and unexpected peak in S m could be understood as due to injection of relativistic particles into the system, or to the existing particles going through a compression (Mimica et al. 2009 ). It was discussed in terms of the interaction of the component ejected after the flare with a standing shock close to the core region. The authors initially interpreted this stage as a new Compton stage due to its similar behavior in the ν m , S m plot. However, it could well be explained as a break . Evolution of the source intrinsic parameters taking radiative and adiabatic losses into account (red points) and only adiabatic losses (black points). The different panels show the variation of the total particle density, N tot (panel i), the relativistic energy density, U re (panel ii), the magnetization σ = U B /U re (panel iii) and the electron Lorentz factor (panel iv). The circle and diamond marker in panel iv correspond to the upper and lower electron Lorentz factors. For more details see text.
within the adiabatic stage. This possibility is being tested using numerical simulations (Fromm et al., in preparation) . The observed increase of the spectral index in region C (Fig. 14) from the 2005 epoch (black dots) to that in 2006.3 (blue dots) fits well into the description given in the previous paragraph. After the passage of C2 through the innermost region, it should arrive to the expansion region between ≃ 0.1 mas and ≃ 1 mas (see Fig. 13 ). Then, the observed decrease in the spectral index can also be understood within the evolution of C2 inside the core. The rises of the spectral index in 2006.9 (light blue in Fig. 14) is compatible with no changes within errors. However, the increase in 2007.4 (brown dots in Fig. 14) is clearly beyond errors and very similar to that in 2006.3. Although there is no evidence for a component crossing the core or the 0.1 mas standing feature at this epoch, component C3 is identified between 0 and 0.1 mas from the 43 GHz core position (see Fig. 16 in Paper II). Therefore this new increase could be related with the ejection of a new component.
The observed decrease of the spectral index with distance at each epoch can be easily understood in terms of synchrotron and adiabatic cooling times, which are shorter in the case of higher frequencies (see, e.g., Blandford & Königl 1979) , so a steepening of the spectral distribution with distance is expected. In summary, the spectral evolution of region C until 2007 is consistent with the propagation of a shock produced by the perturbation ejected in the 2006 radio-flare. Figures 17, 18, and 19 show the peak frequency, peak flux and the spectral index, respectively of the spectral distribution of the jet along region D for the different epochs. The whole picture fits well with the passage of component D2 through the region, as shown by both the axial and averaged values of S m . The peak in emission propagates from r ≃ 1 mas to r ≃ 1.5 mas in two years, which is in agreement with the velocity of the component D2 (0.16 ± 0.01 mas/yr, see Table 3 in Paper II).
Region D
There is a discrepancy between the axial and averaged profile shapes of α 0 and ν m in the 1.0-1.5 mas interval, which could be related to edge effects (i.e., at the edges of the studied region) in the axial values produced by the alignment procedure. The result is compatible with a smooth decrease of the peak frequency with distance in the region. The large errors in the derivation of the spectral index make it difficult to make any statement regarding its evolution in space and time within the region, but the result seems to indicate that it does not undergo strong changes. Figure 13 indicates that the jet is recollimating between 1 mas and 2 mas and this is confirmed in Fig. 8 of Paper II, which shows the continuous presence of a component at ≃1.5 mas from the core, first identified as D1 and later as D2 in this Figure. This was also reported by Jorstad et al. (2005) . The interaction between D2 and this standing feature could be responsible for the bump in emission at epochs 2005.39 to 2006.44 seen in the S m plot (black, red, dark blue, and dark green points) and for the spectral index being possibly constant or slightly increasing within the region. A reconfinement region should generate a compression of the emitting particle distribution and be seen as a symmetric bump in the spectral index profile along the jet (Mimica et al. 2009 ).
Regions B and A
The spectral index profile within region B (see Fig. 21 ) shows a clear indication for one or two bumps at 4-5 mas. The fairly symmetric shape of the bumps is an indication of a compression of the particles (Mimica et al. 2009 ). This could be also the case between 1.5 and 2.5 mas (region B, see below and Fig. 21 ), but we do not have data to probe this hypotheses. In addition, the kinematics of the source between 4 and 5 mas indicate that the components are stationary. Finally, the jet width is constant between r ≃ 4 mas and r ≃ 8 mas. These facts favor the standing shock scenario. From the data, it is difficult to say whether the whole region includes several of such shocks (as indicated by the fitted components), or whether it is a single, long reconfinement region similar to that observed in numerical simulations (Perucho & Martí 2007) . In this respect, the maximum of emission in the radio maps corresponds to component B2 (see Fig. 2 ), which is at r ≃ 6 mas from the core, but the first bump in the spectral index is observed around r ≃ 4 mas.
Regarding region A, Fig. 22 shows the profile of the spectral index at the different epochs. A new plateau in the jet width, starting around 10 mas (see Fig. 13 ), could have an influence on the little change observed across this region at most epochs. However, within errors, the result is compatible with a smooth decrease of the spectral index with distance, as expected from adiabatic losses (see, e.g., Mimica et al. 2009 ).
The jet in CTA 102. A global perspective
From the accumulated evidences in Papers I, II, and this work, we can discuss the general nature of the jet in CTA 102. First of all, the jet shows kinks and helical structures with different wavelengths showing up at different observing frequencies (see also Perucho et al. 2012) . The regions in the stacked image (0-1 mas, 1-2 mas, 5-8 mas, and >10 mas) coincide with the transversal displacement of the ridge line in East-West direction at 15 GHz, which is a central frequency to the whole analysis. The latter is the main reason why the jet viewing angle at this frequency plays a crucial role in selecting regions for our analysis.
Following the conclusions derived in Paper II, the jet flow should be accelerating in order to explain the observed increase in the Doppler factor at the core region (0.1 to 1 mas, see Fig. 13 in Paper II). Moreover, acceleration of the flow is also expected in a hot flow after compression in a standing shock, as it has been claimed to be the case at 0.1 mas.
Farther downstream, the changes in the brightness temperature along the jet include discontinuous jumps at r ≃ 1 − 2 mas and r ≃ 4 − 5 mas (see Fig. 14 in Paper II), which cannot be accounted for in terms of a continuous change in the viewing angle. At the same positions (1-2 mas and 4 mas), the jet-width profile flattens (see Fig. 13 ) and the spectral index shows 'bumps' in some cases (e.g., r ≃ 4 − 5 mas, Fig. 21 ). Both facts point to the presence of reconfinement shocks. Therefore, the jet morphology at, e.g., 15 GHz, indicates that helical motion is responsible for the highest relative flux in regions D, B, and A. However, the spectral properties and, to some extent also the kinematics, favor the over-pressured jet scenario and the existence of recollimation regions at r ≃ 0.1 mas (de-projected 16 pc from the core), at r ≃ 1 − 2 mas (de-projected 160-320 pc from the core), at r ≃ 5 mas (de-projected 800 pc from the core), and possibly at r ≃ 10 mas (de-projected 1600 pc from the core). The increasing distance between the positions of the subsequent shock candidates suggest that the jet propagates in a decreasing density ambient medium. However, it is difficult to know whether, for instance, there is only one or more standing shocks in region B (components B1, B2 and B3 at 4 mas ≤ r ≤ 8 mas, see Paper II). The lack of correspondence of the plateaus in the jet radius (including stationary components and bumps in the spectral index profiles) with the boosted regions of the jet can be taken as an evidence of their independent nature. Interestingly, the width of the jet at 2 GHz increases in region D whereas it remains unchanged at higher frequencies. Only at r ≃ 10 mas the jet-width at 2 GHz becomes flatter. This result should be understood in terms of transversal jet structure and different internal and external dynamics in the jet, which can be compared to simulations or theoretical models of over-pressured jets (Begelman et al. 1984; Perucho & Martí 2007; Nalewajko 2012) . At the largest scales, the 2 GHz jet-width is ≃ 6 mas (≃ 50 pc), whereas at 5 GHz the jet-width is ≃ 3.5 mas (≃ 30 pc), which can give an idea of the width of the shear/mixing layer surrounding the jet (see, e.g., Perucho & Martí 2007; Wang et al. 2011) . A deeper study of the ridge-line and jet transversal structure will be presented elsewhere.
In conclusion, from the present data, we claim that a complex interaction between different structures is probably taking place in CTA 102.
Conclusions
In this paper we studied in detail the radio spectral variations in the jet of CTA 102 during the 2006 major flare. The coreshift analysis revealed that, on average, the observed VLBI core position behaves like r ∝ ν −1 . We calculated the magnetic field at the core to be B core ∼ 100 mG and the particle density N core ∼ 40 cm −3 . The spectral analysis of the core region showed a significant increase in the spectral index, α, during the period of the flare with a steepening of α for r > 0.1 mas. The increase of the spectral index is in agreement with the possible interaction of a traveling component C2 and a standing shock at this position. The location coincides with the first detection of the jet expansion.
Within this region, adiabatic losses are dominant and the evolution of the magnetic field intensity indicates a toroidal geometry, with values of (9-50) mG. Farther downstream, we found evidence for the possible crossing of the feature D2 through another possible standing feature at r≃1.5 mas. The analysis of the transversal structure showed evidence for recollimation of the jet. The spectral evolution of this region revealed an increase in the turnover frequency and turnover flux density during the period of the interaction between the components. The evolution of the magnetic field intensity in this region is compatible with a mixture of toroidal and poloidal structure between 10 mG and 1 mG.
Between r=3 mas and r=8 mas there are additional regions of recollimation, as shown by the jet width and the spectral index, which further support our hypothesis of an over-pressured jet.
Summarizing the results of this series of papers, we conclude that the jet of CTA 102 cannot be simply described by an over-pressured or a helical jet, since we found evidence for both during our analysis. The morphology of VLBI images and the jet ridge line show a clear helical pattern. The kinematic analysis reveals several standing components and the jet width exhibits regions with jet collimation, both being indications of an over-pressured jet. The symmetric variations around the locations of this stationary components is an additional proof for the existence of recollimation shocks in CTA 102. All these facts lead to the conclusion that the jet of CTA 102 is best described by helical patterns or flow motion developing within an over-pressured jet.Whether the observed helical structure corresponds to a pattern, as reported in Perucho et al. (2012) , or the flow follows this helical path should be studied in detail in future.
Due to the limited resolution and frequency range, we could not derive the spectral evolution of the VLBA core and for jet features farther downstream (r > 1 mas). Moreover, the interaction between a traveling shock-wave and a recollimation shock is a highly non-linear process which requires a more detailed investigation. Such a study is only possible by performing numerical simulations and the full radiative transfer calculations including a self-consistent treatment of the relativistic electron distribution (Mimica et al. 2009 ). We plan to further study shock-shockinteraction in parsec-scale jets using relativistic hydrodynamic simulations and extend our analysis to other sources.
and the optical depth, τ ν , by:
Using the obtained turnover values, the flux density, S ′ ν , in Eq. 28 and the frequency, ν ′ , in Eq. 29 can be replaced by the turnover flux density, S ′ m , and the turnover frequency, ν ′ m :
The equations above can be solved for the magnetic field, B, and the normalization coefficient, K: 
Together with the magnetic energy density, U b = B 2 /(8π), we can define the ratio between the magnetic energy density and the energy density of the relativistic particles:
Core-shift
Assuming that the position of the observed VLBI core is identical with the (τ = 1)-surface, Lobanov (1998a) used Eq. 29 to derive the frequency-dependent position of the core, the socalled core-shift. A conical jet geometry was assumed in that work, i.e., R ∝ r, a decreasing magnetic field, B = B 1 r −b and a decreasing particle density, K = K 1 r −k , where the constants B 1 and K 1 correspond to the magnetic field and electron normalization coefficient at 1 pc. By inserting these assumptions into Eq. 29 and solving the equation for r, one obtain:
where k r = [2k + 2b (3 − 2α 0 ) − 2] / (5 − 2α 0 ), and α 0 is the optically thin spectral index. Measurements of the core-shift yield estimates of several physical parameters such as the distance to the central engine and the magnetic field at the core (Lobanov 1998a; Hirotani 2005; O'Sullivan & Gabuzda 2009; Pushkarev et al. 2012) . The core-shift measure is defined as:
with ∆r ν 1 ,ν 2 the core shift between the frequencies ν 1 and ν 2 in mas and D l the luminosity distance in pc. Following Hirotani (2005) , the magnetic field at 1 pc is given by: 
where C (α 0 ) and K (γ, α 0 ) are defined as:
The distance to the central engine is given by:
Assuming a conical jet in equipartition between the magnetic energy density and the kinetic energy density (which implies k r = 1, see e.g. Lobanov 1998a), and a spectral index of α 0 = −0.5, the equations above simplify to the following relations:
The particle density N 1 can be written for both cases i) k r = 1 and α 0 = −0.5 and ii) k r 1 and α 0 −0.5, as:
Taking k r = 1, α 0 = −0.5 and fraction of 10 3 and 10 5 between the upper and lower electron Lorentz factor, the equation above can be written as:
Appendix B
We performed several tests to investigate the influence of the non-identical uv-range on the spectral indices derived from images at different wavelengths and therefore with different projected baselines in wavelength units. For extracting the spectral parameters we use both a power-law fit S ν ∝ ν +α and the approximation of the synchrotron-self-absorbed spectrum (see Eq. 25). Table 10 gives the average uv-ranges for the different frequencies. The image parameters, i.e., convolving beam size and pixel size, used are presented in Table 11 . In Fig. 28 we show the 2D distribution of the spectral index for region C using a frequency range from 15 GHz to 43 GHz. The left panel shows the distribution for a non-identical uv-range and the middle panel the distribution for a limited uv-range, here from 27 Mλ to 450 Mλ. The difference in α between the two maps shows that the central region is only marginally affected by Fig. 28 . Influence of the uv-range on the 2D distribution of the spectral index, α (S ν ∝ ν α ) for region C (r < 1 mas) using a beam size of 0.95 × 0.33 mas with a P.A. of −13
• and a pixel size of 0.03 mas. The left panel shows the spectral index for a un-limited uv-range, the middle panel for limited uv-range and the right panel the residuals between them. The contours correspond to the 43 GHz VLBI observations, where the lowest contour is plotted at 10× the rms value and increase by factors of 2. the used uv-range (∆ (α) < 10 −3 ) and the discrepancies increase with distance from the centre. The largest discrepancy is found in the edges of the distribution where ∆ (α) > 0.1.
For the May 2005 observations of CTA 102 we could derive the spectral turnover, i.e, ν m and S m , using a frequency range from 8 GHz to 86 GHz. The uv-range is set at (66 − 250) Mλ and the difference in the spectral values as compared to the unlimited uv-range is shown in Fig. 29 -31 . The large frequency range and the short uv-range lead to strong variation of the spectral parameters at the edges of the distribution up to 70% for α, 60% for ν m and 30% for S m . Despite these large discrepancies at the edges, the values along the jet axis show variations up to 10%.
As mentioned in Sect. 5.2 for region D, the turnover frequency lies within our frequency range and we can derive the turnover frequency, the turnover flux density, and the optically thin spectral index, α 0 . For the analysis we used a beam size of (1.33 × 0.52) mas at a P.A. of −9
• and a frequency range from 5 GHz to 22 GHz. We limited the uv-range to 14 Mλ to 144 Mλ and compared the results of the spectral analysis to the outcome of the un-limited uv-range (see Fig. 32 -34 ). In general, the discrepancies between the two methods are largest at the edges of the distribution. However, in contrast to the distribution of α there are also regions in the centre of the distribution that show large differences between maps.
The difference between the turnover flux density derived by using limited and full uv-ranges is at most 10% and a similar value is obtained for the optically thin spectral index. For the turnover frequency, the differences are much larger and can reach a 50% at the edges of the distribution. The limiting of the uv-range affects less the distribution of the turnover flux density and more the turnover frequency and optically thin spectral index.
For region B (4 mas < r < 8 mas) we used a frequency range from 5 GHz to 15 GHz and the difference in the uv-ranges leads only to small variations in the spectral index. As for region C, the largest differences in α can be found at the edges of the distribution. It is worth to mention that those differences are less than 10% (see Fig. 35 ).
Besides the influence of the uv-range, we tested the impact of the frequency range on the obtained spectral parameters. Therefore, we enlarged the frequency range from 5 GHz to 43 GHz for regions B and A. The result for the spectral index is presented in Fig. 36 . The difference in α increased by a factor of 3 as compared to values calculated using a frequency range from 5 GHz to 15 GHz (see Fig. 35 ) and regions of increased residuals extend into the central distribution of α.
In sum, our test show that: i) if the frequency range is not larger than a factor 4, the difference in the uv-radii influences mainly the edges of the distribution. ii) for the calculation of the turnover values the uv-range affects the overall distribution of the spectral parameters significantly, especially at the edges of the analysed jet region. Therefore, the uv-range should be in general be matched. Fig. 29 . Influence of the uv-range on the 2D distribution of the turnover frequency, ν m for region C (r < 1 mas) using a beam size of 0.95 × 0.33 mas with a P.A. of −13
• and a pixel size of 0.03 mas. The left panel shows the turnover frequency for a un-limited uv-range, the middle panel for limited uv-range and the right panel the residuals between them. The contours correspond to the 86 GHz VLBI observations, where the lowest contour is plotted at 10× the rms value and increase by factors of 2. • and a pixel size of 0.04 mas. The left panel shows the turnover frequency for a un-limited uv-range, the middle panel for limited uv-range and the right panel the residuals between them. The contours correspond to the 43 GHz VLBI observations, where the lowest contour is plotted at 10× the rms value and increase by factors of 2. Fig. 35 . Influence of the uv-range on the 2D distribution of the spectral index, α (S ν ∝ ν α ) for region B (4 mas < r < 8 mas) using a beam size of 2.32 × 0.97 mas with a P.A. of −7
• and a pixel size of 0.10 mas. The left panel shows the spectral index for a un-limited uv-range, the middle panel for limited uv-range and the right panel the residuals between them. The contours correspond to the 15 GHz VLBI observations, where the lowest contour is plotted at 10× the rms value and increase by factors of 2. Fig. 36 . Influence of the uv-range on the 2D distribution of the spectral index, α (S ν ∝ ν α ) for region A and region B (4 mas < r < 21 mas) using a beam size of 3.65 × 1.52 mas with a P.A. of −8
• and a pixel size of 0.10 mas. The left panel shows the spectral index for a un-limited uv-range, the middle panel for limited uv-range and the right panel the residuals between them. The contours correspond to the 8 GHz VLBI observations, where the lowest contour is plotted at 10× the rms value and increase by factors of 2. • and a pixel size of 0.03 mas. The color map in each panel shows for a given epoch (indicated in the top right corner) the distribution of α and the contours correspond to the 43 GHz VLBI observations, where the lowest contour is plotted at 10× the rms value and increase by factors of 2. • and a pixel size of 0.03 mas. The contours correspond to the 86 GHz VLBI observations, where the lowest contour is plotted at 5× the rms value and increase by factors of 2. • and a pixel size of 0.04 mas. The color map in each panel shows for a given epoch (indicated in the top right corner) the distribution of ν m and the contours correspond to the 43 GHz VLBI observations, where the lowest contour is plotted at 5× the rms value and increase by factors of 2. • and a pixel size of 0.1 mas. The color map in each panel shows for a given epoch (indicated in the top right corner) the distribution of α and the contours correspond to the 15 GHz VLBI observations, where the lowest contour is plotted at 5× the rms value and increase by factors of 2. Fig. 43 . 2D distribution of the spectral index, α (S ν ∝ ν α ) for region A (8 mas < r < 14 mas) using a beam size of 3.65 × 1.52 mas with a P.A. of −8
• and a pixel size of 0.15 mas. The color map in each panel shows for a given epoch (indicated in the top right corner) the distribution of α and the contours correspond to the 15 GHz VLBI observations, where the lowest contour is plotted at 10× the rms value and increase by factors of 2.
Appendix D
An accurate estimate of the uncertainties of the spectral parameters determined in Sect. 5, namely, α 0 , α, S m , ν m , B, and K from Eq. 32 -33 has to take into account the flux density uncertainties on the individual pixels and the uncertainties caused by the image alignment. We address those uncertainties by using the Monte Carlo technique. We assume that the uncertainties on the obtained image shift are of the order of the used pixel size (see Sect. 2.1). Assuming additionally a normal distribution for the scatter of the image shifts, we computed 10 4 random image shifts and perform for each shift value a spectral analysis (see Sect. 2.2). Figure 44 shows the distribution of the image shifts using 1000 random shifts for the The uncertainties on the spectral parameters for each pixel were calculated from the obtained distribution. Since the equation of the synchrotron spectrum and the spectral slope are highly non-linear (Eq. 25), the spectral parameters are lognormal distributed. We computed from those distribution the mean and the standard deviation. The distributions calculated from the random shifts for one selected position are presented in Fig. 45 and show clearly the log-normal distribution of the spectral parameters.
Once the variation in the spectral parameters was obtained, we used these results for the calculation of the uncertainties of the magnetic field, B, and the normalization coefficient of the relativistic electron distribution, K. Again, we used a Monte Carlo approach and select 10 4 random values from the log-normal distribution of the spectral parameters and computed the scatter in B and K using Eqs. 32 and 33 and the estimates of the jet width, R, and the Doppler factor, δ presented in Sect. 6. The dependence of the magnetic field and the normalization coefficient on the spectral parameters is highly non-linear, what results in strongly skewed distributions. In Fig. 46 we present the distributions of the spectral parameters, the magnetic field and the normalization coefficient.
The uncertainties on the spectral index, α, (S ν ∝ ν α ) in the different regions are calculated in the same way. 
